on behalf of the HELENA Study Group 17 BACKGROUND/OBJECTIVES: The objective of this study was to examine the relationship between amino acid (AA) intake and serum lipid profile in European adolescents from eight European cities participating in the cross-sectional (2006)(2007) HELENA (Healthy Lifestyle in Europe by Nutrition in Adolescence) study, and to assess whether this association was independent of total fat intake. SUBJECTS/METHODS: Diet, skinfold thickness, triglycerides (TG), total cholesterol (TC), high-density lipoprotein cholesterol (HDL-c), TC/HDL-c ratio, low-density lipoprotein cholesterol (LDL-c), apolipoprotein B (Apo B), apolipoprotein A1 (Apo A1) and Apo B/Apo A1 ratio were measured in 454 12.5-to 17.5-year-old adolescents (44% boys). Intake was assessed via two non-consecutive 24-h dietary recalls. Data on maternal education and sedentary behaviors were obtained via questionnaires. Physical activity was objectively measured by accelerometry. RESULTS: Alanine, arginine, asparaginic acid, glycine, histidine, lysine and serine intakes were inversely associated with serum TG concentrations in both boys and girls. Intake of other AA like alanine and/or arginine was also inversely associated with serum TC, LDL-c and Apo B/Apo A1 ratio only in girls. An inverse association was observed between intakes of alanine, isoleucine, leucine, methionine, serine, tryptophan, tyrosine and valine and TC/HDL-c ratio among female adolescents. Similar results were found in males for serine and tryptophan intakes. It is noteworthy, however, that associations were no longer significant in both genders when total fat intake was considered as a confounding factor. CONCLUSIONS: In this sample of adolescents, the association between AA intakes and serum lipid profile did not persist when dietary fat was considered. Therefore, dietary interventions and health promotion activities should focus on fat intake to improve lipid profile and potentially prevent cardiovascular disease.
INTRODUCTION
Cardiovascular diseases (CVD) are the number one cause of death worldwide, equally affecting men and women, not only in highincome countries, but also across those of low and middle income. 1 Furthermore, the presence of CVD in childhood shows that the onset of atherosclerosis occurs in early stages of life. 2 The development and clustering of CVD risk factors seems to be influenced by several characteristics including heritable traits, prenatal and infantile influences, diet, physical activity and socioeconomic status. 2 Abnormal lipid metabolism has previously been associated with lifestyle-related diseases; 3 indeed, hypertriglyceridemia and hypercholesterolemia are well established as significant risk factors for CVD. 4, 5 In addition, serum lipids and lipoprotein levels seem to track from early childhood into young adulthood, that is, adverse levels of low-density lipoprotein cholesterol (LDL-c) in childhood appeared to persist over time and progress to adult dyslipidemias 6 emphasizing the need of rapid identification and treatment of individuals at risk early in life.
Plasma lipid levels are controlled not only by dietary fat and carbohydrates but also by dietary protein. 3 Vegetable protein has 1 been shown to reduce cholesterol plasma levels compared with animal protein, 3 but some authors have suggested amino acids (AA) per se may be more important than the protein source. 3 The role that dietary AA may exert on individual CVD risk factors, however, remains unclear coupled by the lack of human studies. Dietary protein and, more specifically, intakes of specific AA are inversely associated with obesity. 7, 8 Contradictory findings have been reported, however, with elevated serum concentrations of branched-chain AA and aromatic AA (for example, phenylalanine and tyrosine) being markers of insulin resistance in young normoglycemic adults. 9 No association was found between glutamic acid, arginine, lysine, tyrosine and cysteine intakes and blood pressure or risk of hypertension in a Dutch older population. 10 Available literature between the association of AA intake and serum lipid profile is scarce in humans, especially in young populations. Studies carried out in elderly people have reported a decrease in plasma cholesterol and triglycerides (TG) when essential AA plus arginine or only arginine was supplemented. 11, 12 Essential AA in elderly people and sulfurcontaining AA in animal models have previously been related to serum lipid profile. 3, 10, 11 The associations, however, between other AA and blood lipids have not been examined yet in humans or animals in spite of the fact that several AA such as tyrosine or glutamic acid, among others, were found to be associated with other CVD risk factors such as insulin resistance or blood pressure, respectively. 9, 13 To examine these associations in adolescents, the relationship between serum lipid profile and the following AA was examined: alanine, arginine, asparaginic acid, cysteine, glycine, glutamic acid, histidine, isoleucine, leucine, lysine, methionine, phenylalanine, proline, serine, threonine, tryptophan, tyrosine and valine.
Total fat intake, specifically saturated fat, is observed to be positively associated to CVD; 14 however, this relationship may depend on the dietary context in which it is consumed. 15 Therefore, this study aimed to investigate the relationship between AA intake and serum lipid profile, and to assess whether this association was independent of total fat intake in a sample of European adolescents.
MATERIALS AND METHODS
Data for this study were obtained from the cross-sectional multi-centre HELENA (Healthy Lifestyle in Europe by Nutrition in Adolescence) study (n ¼ 3528) conducted between 2006 and 2007 in 10 European cities (Athens in Greece, Dortmund in Germany, Ghent in Belgium, Heraklion in Greece, Lille in France, Pé cs in Hungary, Rome in Italy, Stockholm in Sweden, Vienna in Austria and Zaragoza in Spain). General procedures, characteristics and inclusion criteria of the HELENA study have been previously described. 16, 17 The study was performed following the ethical guidelines of the Declaration of Helsinki 1964 and ethical approval was obtained from the local ethical committee at each study center. 18 Both adolescents and their parents signed a written informed consent.
Blood samples were drawn randomly in one-third of the HELENA participants (n ¼ 1089) after an overnight fast. As such, adolescents aged 12.5-17.5 years with complete measurements on TG, total cholesterol (TC), high-density lipoprotein cholesterol (HDL-c), LDL-c, apolipoprotein B (Apo B), apolipoprotein A1 (Apo A1) and two 24-h dietary recalls (24-HDR) were included in this analysis (n ¼ 454, 44.6% boys). It should be noted that 8 out of the 10 study centers were included in the 24-HDR analyses; Heraklion and Pé cs were excluded because of logistical reasons. Adolescents form the entire HELENA cohort were significantly (Po0.05) older, weighed more and had higher mean body mass index (data not shown) than those included in this study.
Maternal education
Maternal educational attainment, accessed via a self-administered questionnaire, was considered as an indicator of socioeconomic status with four included categories: (1) lower education, (2) lower secondary education, (3) higher secondary education and (4) higher education/university degree.
Sedentary behaviors
The average time engaging in two separate sedentary behaviors (TV viewing and playing with videogames) was estimated by means of a selfadministered questionnaire previously reported to demonstrate good reliability. 19 
Physical activity
Uni-axial accelerometers (Actigraph MTI, model GT1M, Manufacturing Technology Inc., Fort Walton Beach, FL, USA) were used to objectively measure physical activity. 20 At least 3 days of recording, with a minimum of 8-h registration per day, was set as an inclusion criterion. The time sampling interval was set at 15 s. The time spent at moderate to vigorous physical activity (43 metabolic equivalents) was calculated on the basis of the following cutoff points: X2000 counts per minute for moderate physical activity and X4000 counts per minute for vigorous physical activity. 20, 21 AA intake Dietary intake was assessed by the HELENA-DIAT (Dietary Assessment Tool), a self-administered computer-based tool shown to accurately assess dietary information of European adolescents. 22 The software consists of a single 24-HDR structured according to six meal occasions. Adolescents were asked to recall all food and drinks consumed the previous day. Two non-consecutive 24-HDR within a time span of 2 weeks were obtained from each participant. The second 24-HDR was collected the same day that blood drawing took place. Questionnaires were completed during school time and assisted by fieldworkers; therefore no information on Fridays and Saturdays was available.
The German Food Code and Nutrition Date Base (Bundeslebensmittelschlü ssel, BLS Version II.3.1) 23 was used to calculate energy and nutrient intakes. The usual food and nutrients intake was estimated by the multiple source method, which takes into account the within-and between-person variability of the dietary data. 24 Energy intake was estimated in kilocalories per day (kcal/day), protein and fat intake in (g/day) and AA intake in milligrams per day (mg/day).
All the AA available within the German Food Code and Nutrition Date Base were included in the analysis: alanine, arginine, asparaginic acid, cysteine, glycine, glutamic acid, histidine, isoleucine, leucine, lysine, methionine, phenylalanine, proline, serine, threonine, tryptophan, tyrosine and valine.
Physical examinations
Weight and height were measured in underwear and barefoot with an electronic scale (SECA 861, Seca Ltd, Birmingham, UK) and a stadiometer (SECA 225, Seca Ltd). Body mass index was calculated as body weight in kilograms divided by the square of height in meters. Skinfold thickness was measured with a Holtain Caliper (Holtain Ltd, Crymmych, UK) in triplicate on the left side at biceps, triceps, subscapular and suprailiac sites. All anthropometric measures were taken following a standardized protocol. 25 Blood sampling Blood sampling procedures have been previously described in detail. 26 Briefly, blood samples were drawn after an overnight fast and analyzed in centralized laboratories. Serum TG, TC, HDL-c and LDL-c were measured on a Dimension RxL clinical chemistry system (Dade Behring, Schwalbach, Germany) using enzymatic methods. Apo B and Apo A1 were measured in an immunochemical reaction with a BN II analyzer (Dade Behring, Schwalbach, Germany). The TC/HDL-c and the Apo B/Apo A1 ratio were computed.
Statistical analysis
The normality of all variables was checked and non-normally distributed variables (TG, TC, HDL-c, LDL-c, TC/HDL-c ratio, Apo B/Apo A1 ratio and AA intake) were log-transformed before the analysis. Gender differences were tested by means of the independent samples T-test for normally distributed variables and the Mann-Whitney U-test for non-normally distributed variables. In case of categorical variables, the w 2 test was applied.
The association between AA intakes (independent variables) and plasma lipids concentrations (dependent variables) was examined separately by gender by performing multilevel linear regression analysis. Study center Amino acids and serum lipid profile in adolescents S Bel-Serrat et al was included as random intercept. Age, maternal education, sum of four skinfolds, moderate to vigorous physical activity, sedentary behaviors and total daily energy intake were entered as covariates in model 1. Model 2 included covariates from model 1 plus total fat intake. Furthermore, total fat intake was subdivided into further categories, that is, saturated, monounsaturated and polyunsaturated fat, and analyses were re-run adjusting this time for intakes of saturated, monounsaturated and polyunsaturated fat simultaneously. The statistical software package Stata version 11.0 (Stata Corp., College Station, TX, USA) was used to perform the analyses. Statistical significance was set at Po0.05.
RESULTS
Descriptive data are provided in Tables 1 and 2 . Boys were significantly taller and weighed more than their female peers (Po0.001) but no significant differences in terms of body mass index were observed. In addition, girls showed significantly higher concentrations of TG, TC, HDL-c, LDL-c, Apo A1 and Apo B than boys (Po0.001), whereas AA intake was significantly higher in adolescent males (Po0.001).
Results obtained by multilevel linear regression analysis are displayed in Tables 3-5 . In girls and considering model 1, alanine, arginine, asparaginic acid, cysteine, glycine, histidine, lysine, threonine and valine were inversely associated with TC (Table 3) . A negative association was also observed between alanine, isoleucine, leucine, methionine, serine, tryptophan, tyrosine and valine and TC/HDL-c ratio in girls ( Table 3) . Intakes of all AA were inversely associated with TG in girls ( Table 4) . A negative association was also observed between alanine and arginine intakes and LDL-c (Table 4 ) and between alanine intake and Apo B/Apo A1 ratio (Table 5) . Alanine, arginine, asparaginic acid, cysteine, glycine, histidine, isoleucine, leucine, lysine, methionine, phenylalanine, serine, threonine, tyrosine and valine were also inversely associated with Apo B in girls. These associations were no longer significant after adjustment for total fat intake (model 2).
In boys, serine and tryptophan were inversely associated with TC/HDL-c ratio (Table 3) in model 1. An inverse association was also observed between alanine, arginine, asparaginic acid, glycine, histidine, lysine and serine intakes and TG (Table 4) . Similarly to girls, these associations did not persist in model 2 when total fat intake was considered as a confounder. No associations were observed between AA intake and HDL-c and Apo A1 in any of both genders (data not shown).
When analysis were re-run by replacing total fat intake by intakes of saturated, monounsaturated and polyunsaturated fat as confounders, some of the associations observed as not significant following adjustments for total fat intake became significant (data not shown).
DISCUSSION
This study examined the relationship between AA intake and serum lipid profile in European adolescents participating in the HELENA study. Our initial analysis suggested an inverse association of AA intake with TG, TC, LDL-c, TC/HDL-c ratio, Apo B and Apo B/Apo A1 ratio in girls and with TG and TC/HDL-c ratio in boys; these associations did not remain significant following adjustments for the effect of total fat intake. It is noteworthy that some of these associations became significant following Amino acids and serum lipid profile in adolescents S Bel-Serrat et al adjustments for fat categories, for example, associations between dietary AA and Apo B or TC in girls. This may well suggest that fat intake has a confounding role stronger than that exerted by fat fractions. For that reason, adjustment for individual fat fractions rather than total fat intake could show misleading associations between AA intake and blood lipids when dietary fat is considered. To the authors' knowledge, this is the first study addressing this topic in adolescents.
Apart from their structural function in proteins, AA are precursors of many essential biological compounds 27 and are involved in a large amount of metabolic pathways in the human organism. Previous studies have focused on the association of AA with diverse CVD risk factors such as obesity, insulin resistance or blood pressure [7] [8] [9] [10] among others, but the available literature on the association between AA intake and serum lipid profile in humans is scarce and remains unclear. For instance, diet supplementation with essential AA has been shown to lower plasma TG, TC and very low-density lipoprotein cholesterol (VLDL-c) concentrations in elderly people. 11 Similarly, Hurson et al.
12 also observed a decrease in TC and LDL-c in elderly people supplemented with arginine. Our results are in agreement with these previous findings (only in model 1). In these studies, however, data were not adjusted for potential confounders such as total fat intake and addressed older population. The mechanisms underlying the effect of AA supplementation on serum lipid profile are not known. 11 Sulfur AA, that is, cysteine and methionine, have been recognized as potent modulators of lipid metabolism 28 by increasing plasma HDL-c and lowering VLDL-c. 3 Although we did not observe such associations, an inverse association was observed in female adolescents between cysteine and methionine intake and Apo B in model 1, the main protein constituent of LDL-c, 29 shown to have a beneficial role on CVD. 3 We have also hypothesized that the observed results could be due to an indirect association, that is, AA intake might be associated with one factor, in this instance body fat, which in turn is associated with serum lipids. Indeed, it is known that obesity enhances metabolic syndrome features such as dyslipemia by increasing LDL-c and TG and lowering HDL-c plasma concentrations. 30 This suggests that a decrease on fat mass induced by AA consumption could result in a better lipid profile. Qin et al. 8 observed inverse associations between intakes of branched-chain AA, including leucine, isoleucine and valine, and prevalence of overweight status among apparently healthy middle-aged adults in those from East Asian, that is, China and Japan, and Western, that is, UK and USA, countries and with prevalence of obesity in adults from Western countries. Arginine and lysine are also inversely associated with fat mass among 6-year-old 31 and 8-to 10-year-old 7 European girls. Mechanisms that explain the beneficial role of dietary arginine are not completely known but it seems, however, that arginine alters the balance of energy intake and expenditure in favor of fat loss or reduced growth of white adipose tissue by stimulating mitochondrial biogenesis signaling and brown adipose tissue development. 32 Furthermore, the somatotropic effects of arginine and lysine 33 may result in a decrease in serum levels of TG and fat mass. 7 In concordance with this, our described associations were found to be significant mainly in girls. This might be explained by gender differences in body composition, for example, greater percentage of body fat in girls compared with their male peers 34, 35 also seen in our findings, that is, adolescent females had significantly higher (Po0.001) sum of four skinfolds than boys.
Protein-rich diets have been tested in many occasions in order to identify the role of high protein intake in the body. In a crossover study carried out in adults, Appel et al. 36 found that following the administration of a healthy diet, rich in protein and low in saturated fat, TG concentrations significantly decreased compared with a carbohydrate-rich diet and a diet rich in unsaturated fat. This fact led authors to suggest that protein could have a direct Amino acids and serum lipid profile in adolescents S Bel-Serrat et al Table 3 . Multilevel regression analysis addressing the association between AA intake and TC and TC/HDL-c ratio and in the participating adolescents Amino acids and serum lipid profile in adolescents S Bel-Serrat et al Table 4 . Multilevel regression analysis addressing the association between AA intake and TG and LDL-c in the participating adolescents Amino acids and serum lipid profile in adolescents S Bel-Serrat et al Table 5 . Amino acids and serum lipid profile in adolescents S Bel-Serrat et al lowering effect on TG, beyond that of replacing carbohydrates, which usually increase serum TG. 11 A review carried out by Clifton 37 suggested that high protein diets were associated with greater weight loss, lower plasma TG and blood pressure and, in times, increased lean mass compared with high carbohydrate diets. The Food and Nutrition Board report 38 states that high levels of protein intake may have detrimental effects but no documented adverse effects of high rich protein diets exists.
Fat intake, specifically saturated fat, has been observed to be positively associated with CVD by increasing plasma LDL-c and TC concentrations; 14 indeed, adolescent boys participating in a dietary intervention focused on decreasing fat intake showed a more favorable lipid profile than those in the control group. 39 A recent meta-analysis of prospective epidemiological studies, however, has shown no significant evidence to conclude that dietary saturated fat is associated with an increased risk of CVD.
14 On the other hand, it has been reported that the saturated fat content of red meat, which is one of the richest sources of protein and, consequently of AA, may be partly responsible for its positive association with CVD risk. 40 Our results showed that the initial association observed between AA intakes and blood lipids in model 1 disappeared after adjustment for total fat intake (model 2). This leads authors to hypothesize that the positive role that AA might have on blood lipids is neutralized when AA, or proteins, are consumed together with fat. High protein intake, however, is not necessarily related to high red meat intake but to other protein-rich foods like fish, poultry, milk and dairy products, nuts, egg or plant-based products among others. Indeed, poultry and dairy intake have been shown to have neutral effects on CVD risk. 41 Furthermore, Mangravite et al.
15
reported that on carbohydrate-restricted subjects the source of dietary protein may modify the effects of saturated fat on atherogenic lipoproteins and proposed that the relationship between saturated fat and CVD risk may vary according to the dietary context in which saturated fat is consumed. A limitation of our study is its cross-sectional design that does not allow the determination of any causal associations. Diet was assessed by means of two self-administered, computer-assisted, non-consecutive 24-HDR. Like any other self-reporting method, our self-administered 24-HDR is also prone to measurement error. 42 An increase in the number of recording days would have been advisable to compensate for day-to-day variability; 43 however, this method has been shown to be an appropriate measure to collect detailed dietary data in adolescents. 22, 44 Furthermore, dietary information was corrected for within-and between-person variability. 24 It is noteworthy to mention that blood samples were collected following a specific methodology and transport system to a centralized laboratory in order to assure samples viability and stability 26 as study strengths. In addition, fieldworkers were trained and a manual of operation was developed to guarantee good clinical practice. 26 In conclusion, our findings suggest that the association between AA intakes and serum lipid profile does not persist when dietary fat is considered. Whether AA intakes could be associated with a healthier lipid profile in adolescents and, therefore, with CVD risk remains unclear, at least based on the evidence from this sample of European adolescents. Furthermore, our findings add new evidence to the lack of studies addressing the association of AA intakes with plasma lipids concentration during adolescence, and emphasize the importance of considering dietary fat as a possible confounder of this relationship. More prospective and intervention studies are needed to confirm our findings and to obtain robust conclusions on the effect of AA intakes on plasma lipid concentrations and, consequently, on CVD risk in adolescents.
